This study evaluated plantar pressure distribution and its clinical significance in patients with diabetic foot toe deformities. Patients with diabetic claw or hammer toe deformities (patient group; n = 30) and healthy subjects without toe deformities (control group; n = 30) were recruited into the study. Plantar pressures in different regions of the foot were measured using the F-scan ® in-shoe plantar pressure dynamic analysis system. Peak pressures in the hallux and first to fifth metatarsal heads were significantly higher in the patient group compared with the control group. In the midfoot there was no significant difference between the two groups. Hindfoot peak plantar pressures were significantly lower in the patient group compared with the control group. The results indicated that toe deformities in patients with diabetes increased forefoot plantar pressures to abnormally high levels. If plantar pressure is regularly monitored in patients with diabetic foot, toe deformities might be detected earlier and ulceration prevented.
Introduction
Claw and hammer toe are common deformities in patients with diabetes. Abnormal mobility of the metatarsalphalangeal joint changes the plantar contact areas and the thickness of the fatpad cushions which, because of an uneven distribution of plantar pressure, can easily lead to plantar ulceration. 1, 2 Although ulceration in patients with diabetic foot is a complicated process, research has shown that an abnormal increase in plantar pressure is one of the main causes. 3 An increase in pressure not only hinders blood supply to the pressured surface, but also increases the risk of ulcers and these are difficult to treat successfully. 4 Unhealed or infected diabetic foot ulcers are a major risk factor for lower-extremity amputation, resulting in substantial morbidity, impairment in quality of life and high treatment costs. 5 Thus, it is important to X Yu, G-R Yu, Y-X Chen et al. Plantar pressure in patients with diabetic toe deformity prevent diabetic foot ulcers at an early stage. Peripheral arterial and peripheral neuropathy diseases are common complications in patients with diabetes, and are risk factors for ulceration and amputation. 6, 7 The present study used a threedimensional (3D) dynamic plantar pressure analysis system to evaluate the characteristics of plantar pressure distribution in patients with diabetic claw toe or hammer toe deformities, with and without ulceration. The aims of the present study were to provide an objective basis for the tendency towards toe deformity, and to validate the reliability of early monitoring of plantar pressures in order to prevent the development of foot ulcers in diabetic patients.
Patients and methods

STUDY POPULATION
Between January 2006 and September 2009, patients with diabetic claw or hammer toe deformities (patient group) who were being treated at the Department of Orthopaedics, Tongji Hospital, Tongji University, Shanghai, China, and healthy subjects (control group), who were inhabitants of Shanghai and undergoing routine examination at the Department of Orthopaedics, Tongji Hospital, were recruited sequentially into the study. The subjects in the two groups were matched in age, sex and body mass index (BMI) in order to avoid, as far as possible, selection bias. Study exclusion criteria included: abnormal gait or plantar pressure caused by foot fractures; Parkinson's disease; Alzheimer's disease; stroke; myocardial infarction; structural deformities such as flat foot, cavovarus foot, equinus foot, polydactyly and syndactyly.
Ethics committee approval was obtained from Tongji University, School of Medicine, Shanghai, China. All patients and healthy subjects provided written informed consent prior to entering the study.
CLINICAL ASSESSMENTS
All participants underwent a series of examinations including fasting (at least 8 h) and postprandial (2 h after eating) blood glucose measurements, musculoskeletal and neurological examinations of the foot, computed tomography scans of the foot and ulcer examinations. Ankle-brachial index (ABI) and transcutaneous oxygen tension (TcPO 2 ) were also measured to determine the incidence and extent of peripheral arterial disease. Before ABI measurement, the subjects were rested for 10 min and then assessed using the Nicolet Vasoguard P84 peripheral bloodvessel detection system (SciMed Scientific and Medical Products Ltd, Cheadle, UK) with the Doppler transducer on the impulse point of the brachial artery and posterior tibial artery. A TCM400 transcutaneous oxygen tension detection system (Radiometer Inc., Brønshøj, Denmark) was used to measure TcPO 2 , with the transducer on the impulse point of the dorsal pedis artery. Ulcers were described using the University of Texas at San Antonio (UTSA) ulceration classification system, which is now widely used in clinical trials and diabetic foot centres. 8 The diagnostic criteria for diabetes were based on the revised guidelines of The World Health Organization (published in 1999). 9
PLANTAR PRESSURE ANALYSIS SYSTEM
The F-scan ® in-shoe plantar pressure analysis system (Tekscan, Boston, MA, USA) was used to collect plantar pressure data. This is a computerized 3D dynamic tactile plantar pressure distribution analysis system that can measure critical surface interface pressure with minimal dynamic interference.
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The insole sensor system has 960 independent sensing regions, which are arranged in a matrix, and can provide highly accurate pressure readings up to a maximum pressure of 1050 kPa. The output system displays the pressure distribution profile quantitatively using 3D graphs with different colours for different levels of pressure, which is easy to understand. 10 The F-scan ® in-shoe plantar pressure analysis system was operated following the manufacturer's instructions. The procedure was a four-step process consisting of pace specification, system debugging and calibration, pressure measuring and data sampling. First, for both the patient and control groups, a standard pace was set at 90 -100 steps/min on even ground. 11 Subjects were then required to complete a 20-min walk on a straight path wearing flat shoes with hard rubber soles designed to modify incorrect gait. The shoes were standardized so that plantar pressure could be measured with minimal selection bias. The length of the shoes ranged from 23 to 28 cm according to foot length of the subjects. Prior to each measurement, the system was calibrated according to the subject's weight. Each data collection period was scheduled for 8 s, with a collection frequency of 50 frames/s. To measure plantar pressure, the insole sensor system was inserted into the participant's shoes and three measurements were made. Finally, peak pressures in different regions of the foot were recorded and analysed. A representative image detailing the individual areas of the foot and pressure colour scheme is shown in Fig. 1 .
STATISTICAL ANALYSES
Statistical evaluation of the data was carried out using the SPSS ® statistical software, version 17.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . A Student's t-test was used to compare differences between the patient and control groups. A P-value < 0.05 was considered to be statistically significant.
Results
A total of 30 patients with diabetic claw or hammer toe deformities (patient group) and 30 healthy subjects (control group) were recruited into the study. The patient demographic and examination results are given in Table 1 .
Following a standard walk, participants in both groups met the criterion for uniform rectilinear gait on even ground. The pace of the two groups was not significantly different. The 3D graphs, together with the precisely quantified data of peak pressures, were produced by the F-scan ® in-shoe plantar pressure analysis system; a plantar pressure distribution areas: zone 1, hallux; zone 2, first metatarsal head; zone 3, second metatarsal head; zone 4, third to fourth metatarsal head; zone 5, fifth metatarsal head; zone 6, midfoot; and zone 7, heel (red, yellow, green and blue indicate plantar pressure intensity from a high level to a low level) Plantar pressure in patients with diabetic toe deformity representative example is given in Fig. 2 . The results of the peak pressures during the gait cycles for both groups are shown in Table 2; there were significant differences between the two groups for peak pressures in all areas of the foot evaluated, except for the midfoot. Pressures in the forefoot were significantly higher, and pressures in the hindfoot were significantly lower, in the patient group compared with the control group (both P < 0.05). In addition, eight patients had ulcers in the second metatarsal head (Type A1 by UTSA ulcer classification scheme). The mean peak pressure in the second metatarsal head of these eight patients was 432.3 kPa, which was significantly higher than the mean peak pressure in the other 22 patients, which was 370.5 kPa (P < 0.05).
Patient group
Discussion
Foot ulceration is a precursor to approximately 85% of lower-extremity amputations in patients with diabetes. 12 Thus, it is important that ulcer development is prevented by diagnosing and treating diabetic foot at an early stage. Diabetic foot ulceration is a multifactor process, among which uneven distribution of plantar pressure with an increase in partial pressure is a leading factor; their correlation with ulceration can reach as high as 70 -90%. 13 When a patient has diabetes combined with peripheral neuropathy, their sensory function for detecting vibration, pain and temperature is impaired, which results in a decreased awareness of stress or trauma. A slight plantar soft-tissue injury will not easily be perceived and may lead to the development of a diabetic foot ulcer. In a longitudinal outcome study, Lavery et al. 14 followed up patients with diabetes for 2 years. They found that plantar pressures in patients with ulcers were significantly higher than in patients without ulcers. Caselli et al. 15 measured plantar pressures in 30 patients with diabetes who had varying degrees of diabetic peripheral neuropathy. They found that all the patients had an increase in plantar pressure in both the forefoot and hindfoot. Thus, early assessment of plantar pressures in the feet of patients with diabetes is of great clinical significance in order to prevent ulceration. The Diabetic Committee of the American Orthopaedic Foot and Ankle Society recommends yearly foot examinations in patients with diabetes and more frequent examinations in high-risk patients. 16 We believe that the measurement of plantar pressure should be considered as one item of X Yu, G-R Yu, Y-X Chen et al. Plantar pressure in patients with diabetic toe deformity such examinations.
The incidence of diabetic foot is mainly as a result of peripheral neuropathy and peripheral arterial disease. When motor function is impaired, the intrinsic foot muscles lose their function, which leads to foot deformities such as hammer and claw toes. Hammer toe deformities can be described as flexion contractures of the proximal interphalangeal joint, hyperextension of the metatarsophalangeal joint (with or without dislocation) and neutral or dorsiflexion of the distal interphalangeal joint. Claw toe deformities can be described as plantar flexion of both the proximal and distal interphalangeal joints and dorsiflexion of the metatarsophalangeal joint. 17 Patients with diabetes who have toe deformities cannot always feel obvious pain or discomfort because of peripheral neuropathy which, over time, becomes resistant to standard therapy. 18 It also becomes difficult for surgeons to determine surgical indications according to symptoms. 19 The abnormally increased plantar pressure observed in the present study might help surgeons to decide whether surgical inventions are necessary in patients with diabetic foot.
The human gait is a complex movement, composed of a series of phases. The normal foot has a physiological function of mechanical protection in all the phases of a complete gait cycle. When it encounters large stresses, the proprioceptive system can increase the contact area of the foot as much as possible to maintain a relatively low pressure, in order to prevent excessive stress damaging the plantar tissues. 20 In the case of the diabetic foot, however, feedback from the proprioceptive system is poor, and peak plantar pressure and its distribution will be changed; this usually happens earlier than the clinical signs and symptoms of diabetic foot become apparent. 21 It is generally thought that there are many factors that impact the distribution of plantar pressure, such as body weight, sex, pace and footwear construction; however, Cavanagh et al. 22 reported that the correlation coefficient between peak plantar pressure and body weight was only 0.37. Furthermore, in the formation of plantar pressure, body weight accounted for only 13.8% of the total pressure. To eliminate selection bias as far as possible, subjects in the control group of the present study were similar to those in the patient group with regard to age, sex, BMI, pace and shoe specification. For the determination of plantar pressures, it is possible to use a variety of modalities and several computerized systems can provide quantitative measurements. The present study used the F-scan ® in-shoe plantar pressure analysis system to describe the plantar pressure distribution characteristics in patients with diabetic toe deformities. Plantar pressure and forces during gait were described graphically; the data generated were easy to understand and highly precise.
Although the patients had few symptoms of forefoot pain and discomfort because of peripheral neuropathy, the results suggested that the peak plantar pressures in the hallux and metatarsal heads were significantly raised. This was especially so in the second metatarsal head, because toe deformity could always be seen in the second toe in this study. In patients with diabetes, Bus et al. 23, 24 investigated the thickness of the fibre fat pad in the metatarsal head and phalanges of claw and hammer toes. The results showed that the fibre fat pad in the metatarsal head can move forward with hyperextension of the metatarsophalangeal joint, and that the pressure on the metatarsal head may then be increased because of lack of buffer tissue. Gravante et al. 25 reported that toe deformities • Received for publication 23 June 2011 • Accepted subject to revision 4 July 2011
• Revised accepted 21 November 2011 Copyright © 2011 Field House Publishing LLP would significantly decrease the plantar loadbearing area which would, as a consequence, increase the plantar pressure per unit area. The results of the present study showed that the mean peak pressure of the hallux and metatarsal heads were increased when patients had diabetes with toe deformity.
In summary, the present study showed that the pressure of the hallux and metatarsal heads was increased significantly in patients with diabetes who have toe deformities. Detecting clinical signs and symptoms is not enough to prevent diabetic ulceration, especially in patients with toe deformities. Regular monitoring with 3D dynamic plantar pressure analysis could have great clinical significance for the early detection of toe deformities and the prevention of ulcers in high-risk patients with diabetes.
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